The influence of hydrogen embrittlement on the fatigue behaviors of AISI 304 stainless steel is investigated. The fatigue endurance limits of the untreated and hydrogen-embrittled materials were almost the same at 400 MPa, and hydrogen embrittlement had little influence even though the sample contained about 8.1 times more hydrogen. Thus, the sensitivity of hydrogen gas in this material is very low. A surface crack initiation, growth, coalescence, and micro ridge model is proposed in this study. Slip line formation ⇒ microcrack formation ⇒ increases in the crack width, and blunting of the crack tip as it grows ⇒ formation of many slip lines because of deformation in the shear direction ⇒ growth of the crack in the shear direction, forming micro ridges, coalescence with adjacent cracks ⇒ continuous initiation, growth, coalescence, and ridge formation of surface cracks and specimen breakage.
Introduction
Hydrogen has emerged as a new energy source because of the environmental pollution and depletion caused by oil. In addition, environmental pollution from diesel vehicles has become more severe than that outlined in standard regulations; therefore, further securing of substantial information on hydrogen ve- gen are urgently required [4] [5] [6] [7] [8] .
In this way, interest in the safe use of hydrogen energy has increased domestically and abroad, and the role of science and technology is emphasized to protect public safety, by quickly minimizing the spread of hydrogen gas and the damage caused by safety accidents. Safe technologies for realizing the hydrogen economy should be supported by storage, transportation, and distribution of hydrogen gas, and securing and applying reliable hydrogen materials. At present, the expansion of hydrogen energy is inevitable to solve the energy problem in Korea, and it is essential to continuously develop technologies and accumulate experience in preparation for safe hydrogen-related infrastructure to be increased in the future.
The accumulation of fatigue data at super-long life, such as fatigue strength under hydrogen penetration and pressure change, surface cracking behavior, and fatigue behavior of stainless steels, has become a major research subject in terms of high performance and lightweight materials. In particular, data on the strength and longevity of super-long life fatigue are strongly required in the age of hydrogen as a new energy source, in addition to changing design standards [9] - [16] .
Therefore, this is a follow-up study to those for Inconel 718 [2] and AISI 316L stainless steel [3] materials. We studied AISI 304 stainless steel embrittled specimens with hydrogen at high temperature and high pressure with respect to safety to realize a hydrogen economy. Therefore, in this research, the fatigue characteristics of VHCF (very high cycle fatigue), which is a new design standard, are investigated and analyzed using the fracture mechanics and fracture surface analysis method.
Experimental Methods
An annealed AISI 304 stainless steel with a minimum diameter of 3 mm was used as the fatigue test specimen (Figure 1(A) ). The chemical composition and mechanical properties of the untreated test specimens are summarized in Table   1 and Table 2 , respectively. Specimens were polished using abrasive paper (#100 to #2000). The fatigue life and fatigue mechanism of AISI 304 stainless steels at room temperature were tested using a new cantilevered rotary bending fatigue tester (YRB 200, Yamamoto, Japan), which was simultaneously used for four test specimens, as shown in Figure 1 (B). The test was performed at a frequency of 53
Hz and stress ratio of R = −1. Further details can be found in Refs. [2] [3] [9] [10]. Figure 2 shows the ultra-high pressure hydrogen exposure vessel (HPH 2-132V, Pre-Tech Co. Japan) of the specimen. The specimens were subjected to hydrogen saturation at 10 MPa and 300˚C for 120 h using this equipment, and were stored in liquid nitrogen and then subjected to tensile and fatigue tests under room temperature. Figure 3 shows the tensile test results for the AISI 304 stainless steel specimen (gauge length = 25.4 mm, diameter = 6 mm) at room temperature compared with the untreated material. However, this specimen was kept at 300˚C and 10
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Tensile Properties of the Hydrogen-Embrittled Material
MPa for 120 h in the hydrogen charging vessel as shown in Figure 2 , and it was used after being embrittled with hydrogen. The yield strength of the saturated material rises slightly more than that for the untreated materials, but the tensile strength decreases by 20.8%. However, the elongation ratio (Figure 3 ), the amount of hydrogen-saturated material decreased to 67.6% compared to the untreated material. The rapid decrease in the elongation ratio indicates that the influence of hydrogen gas is greater than the 39% reduction observed for the stainless steel 316 L material in the previous study [3] . Table 3 shows the results for the analysis of the content of hydrogen gas in the times more hydrogen. This high amount of hydrogen is due to the infiltration of hydrogen gas for a long time under high pressure and high temperature. In this study, the effect of hydrogen on the AISI 304 stainless steel was studied using hydrogen-embrittled specimens.
Two types of test specimens were used in this study; an untreated specimen and a hydrogen-embrittled specimen. Here, the untreated material was obtained after machining. The hydrogen-embrittled specimens were obtained after grinding from # 100 to # 2000 abrasive paper in the laboratory.
Electron Back Scatter Diffraction Analysis of AISI 304 Stainless Steel
Figures 4-7 show the EBSD (electron back scatter diffraction) data of the cross Figure 4 shows the microstructure of the AISI 304 stainless steel used in this study, which is composed of uniformly sized particle, without directionality. However, Figure 4 shows that martensite is generally blacker in the IQ map.
Therefore, although the notation is shown on ferrite in Figure 7 , these regions are judged as martensite and delta ferrite. The hydrogen-embrittled specimen shows less martensite.
It is not possible to quantitatively measure the influence of the depth of hydrogen embrittlement on the four maps in Figures 4-7 . In the previous studies Inconel 718 [2] and AISI 316 L stainless steel [3] , the depth of influence of hydrogen also could not be measured. However in previous studies, the influence of hydrogen was small in the AISI 316 L material [3] ; however in the Inconel 718 material [2] , the influence of hydrogen was very large, and fatigue limit gradually decreased. Using the growth characteristics of the surface cracks in Figure 9 (A) and Figure   9 (B), the fracture mechanics of the surface crack initiation and growth processes can be analyzed. Figure 9 (A) and Figure 9 (B), the surface cracks that occur during the rotational bending fatigue test can be classified into two categories: cracks that occur in the surface, and grow and break into a single crack; and cracks that occur in surface cracks, and grow, break through adjacent small surface cracks by coalescence. The following characteristics were identified:
S-N Curves and Fatigue Properties
Fracture Mechanical Growth Characteristics of Surface Fatigue Crack In
• Major cracks (cracks that determine the fracture life) occur at the beginning of the fatigue life (approximately 10% -25%) and grow slowly.
• The relationship between 2a-N/N f for the length of this major crack and the number of cycles is relatively narrow, and it can be compressed into a narrow band, regardless of the stress level (see Figure 9 (B)).
• Final rupture is specified by the behavior of this major crack. The length of the major crack is relatively small at the full fatigue life. Additionally, it is smaller than 0.3 mm when the cycle ratio is 0.5 and smaller than 3 mm at a life ratio of 80% to 90%. The results from the rotational bending fatigue test of AISI 304 stainless steel are similar to that reported in studies [18] [19] [20] which are test results for mild steel. show similar fracture lives and stress levels, the influence of hydrogen embrittlement is less in the fatigue life, and shows a similar growth behavior as that for the untreated material. These growth characteristics are closely related to which both the fatigue endurance limits of the untreated material and that of the hydrogen-embrittled material show in the same way. Figure 10 shows eight SEM micrographs 100x magnification of the surface of the hydrogen-embrittled specimen (650 MPa, N = 1 × 10 4 ); subsequently, cracks were created on the surface of the test piece using a sketch technique [19] [20] to Figure 12 shows the crack occurrence. Figure 11 (B) shows the small surface cracks (2a:
Observation of Fatigue Cracks on the Surface of Specimens before Fracture
69.3 um) that are initiated in other places. These small surface cracks are observed several times on the entire surface of the specimen. in the enlarged photograph of hydrogen-induced AISI 304 stainless steel, as observed for Inconel 718 [2] and AISI 316 L [3] .
Therefore, the SEM image of the surface observation indicates that the fatigue . Figure 12 (C) shows a sketch of the image in Figure 12 (B); its position is indicated by the dotted rectangle in Figure   10 . Additionally, Figure 12 (C) is a sketch of Figure 12 (B).
The left two lines in Figure 12 (C) show the fracture surfaces that formed by combining E (crack # 1) and F (crack # 3). The dotted rectangle in Figure 12(C) is the cycles of N = 1 × 10 4 (89.3% of N f ) and this is the same data as that in Figure 12(A) . However, the width of crack C increases while forming micro ridges between C and C1 during the rotation 1200 additional cycles. Additionally, C2 in 
Conclusions
The following conclusions were obtained by various experiments for characterizing the influence of hydrogen-embrittled on the fatigue behaviors of the two AISI 304 stainless steel specimens at room temperature. The test specimens were untreated and hydrogen-embrittled material (10 MPa, 300˚C, 120 h).
1) The hydrogen-embrittled material showed almost the same tendency as S-N curve and the fatigue strength, even though the specimen contained about 
